Abstract: Absolute pitch (AP) is the ability to recognize pitch chroma of tonal sound without external references, providing a unique model of the human auditory system (Zatorre: Nat Neurosci 6 (2003) 692-695). In a previous study (Kim and Kn€ osche: Hum Brain Mapp (2016) 3486-3501), we identified enhanced intracortical myelination in the right planum polare (PP) in musicians with AP, which could be a potential site for perceptional processing of pitch chroma information. We speculated that this area, which initiates the ventral auditory pathway, might be crucially involved in the perceptual stage of the AP process in the context of the "dual pathway hypothesis" that suggests the role of the ventral pathway in processing nonspatial information related to the identity of an auditory object (Rauschecker: Eur J Neurosci 41 (2015) 579-585). To test our conjecture on the ventral pathway, we investigated resting state functional connectivity (RSFC) using functional magnetic resonance imaging (fMRI) from musicians with varying degrees of AP. Should our hypothesis be correct, RSFC via the ventral pathway is expected to be stronger in musicians with AP, whereas such group effect is not predicted in the RSFC via the dorsal pathway. In the current data, we found greater RSFC between the right PP and bilateral anteroventral auditory cortices in musicians with AP. In contrast, we did not find any group difference in the RSFC of the planum temporale (PT) between musicians with and without AP. We believe that these findings support our conjecture on the critical role of the ventral pathway in AP recognition. Hum Brain Mapp 38:3899-3916, 2017.
INTRODUCTION Previous Neuroimaging Studies on Absolute Pitch
Absolute pitch (AP) is the ability to recognize the pitch of any given tonal sound without external reference [Miyazaki, 1988] , which can be behaviorally observed by verbal labeling and/or reproducing the pitch. For more than a century this variant of pitch perception has drawn psychologists' attention because it provides a unique model of the human auditory system that allows us to investigate the interaction of genetic and developmental factors [Meyer, 1899; Zatorre, 2003] . The likelihood of developing AP was reported to increase when there are other AP listeners in the family and when the age of one's first formal musical training is earlier than 6 years [Baharloo et al., 1998 [Baharloo et al., , 2000 .
A number of behavioral studies reported that AP listeners are not better than non-AP listeners in identifying pitch height (i.e., octave index), whereas AP listeners are highly accurate in identifying pitch chroma (i.e., one of the twelve tones constituting an octave in the Western music scale), suggesting that "absolute pitch" is in fact "absolute pitch chroma" [Deutsch, 2013; Deutsch and Henthorn, 2004; Kim and Kn€ osche, 2016; Miyazaki, 1988; Takeuchi and Hulse, 1993] . Pitch chroma can be seen as a discretization of continuous frequency. While non-AP listeners perceive pitch chroma only in a relative way, based on tonal context (thus tonal function of the pitch) or an external reference (similarity perception of octave-spaced tones), AP listeners have been reported to directly perceive pitch chroma "in a similar fashion to categorization of phonemes" [Siegel, 1974] .
By intuition, a natural conception of the mechanism underlying AP would comprise two distinct sub-processes [Levitin, 2004; Levitin and Rogers, 2005; Schulze et al., 2013] : the categorization in pitch chroma ("perceptual process") and the verbal/nonverbal labeling of the perceived pitch chroma ("associative process"). The idea of segregation and integration of these two processes has constituted the general framework of many neuroimaging studies. Structural and functional differences in the auditory cortex were interpreted as evidence for the perceptual process, whereas findings in the frontal lobe were related to the associative process. For instance, a greater volume of right Heschl's gyrus (HG) [Wengenroth et al., 2014] was interpreted as a signature of enhanced perceptual processing involved in AP recognition, because the medial part of HG is included in the primary auditory cortex (PAC) [Griffiths and Hall, 2012] .
Theories on auditory perception are often based on the "dual auditory stream" hypothesis, which postulates that the dorsal auditory pathway including the planum temporale (PT) mostly processes spatial information of an auditory object (blue arrow in Fig. 1 ), whereas the ventral auditory pathway including the planum polare (PP) processes properties of an auditory object that are not dependent upon spatial location (green and blue arrows in Fig.  1 ) [Arnott et al., 2004; Kaas and Hackett, 1999; Kusmierek and Rauschecker, 2009; Rauschecker, 2015; Rauschecker and Tian, 2000; Tian et al., 2001; Warren and Griffiths, 2003; Warren et al., 2003a] . Of most relevance in the present context, Warren and colleagues demonstrated higher sensitivity to pitch chroma in the PP and higher sensitivity to pitch height in the PT [Warren et al., 2003b] . As mentioned above, the processing of pitch chroma is the essential characteristic of AP [Deutsch, 2013; Deutsch and Henthorn, 2004; Kim and Kn€ osche, 2016; Miyazaki, 1988; Takeuchi and Hulse, 1993] , which speaks for a specific involvement of the ventral pathway in AP perception, most probably in the early perceptual process. This has been corroborated by the finding of increased intra-cortical myelination in the right PP of AP possessors [Kim and Kn€ osche, 2016] . Moreover, cortical thickness and BOLD auditory response in ventrolateral prefrontal cortex (VLPFC), which is also part of the ventral pathway, has been implicated in previous studies [Bermudez et al., 2009; Dohn et al., 2015; Wengenroth et al., 2014] .
However, other aspects of AP processing seem to be also supported by the fronto-temporal network of the dorsal pathway. For example, a smaller surface area (or a smaller volume) of the right PT [Keenan et al., 2001; Schlaug et al., 1995; Wilson et al., 2009] and greater hemodynamic activation in the left PT during passive listening to musical tones were found in musicians with AP [Wilson et al., 2009] . Because the PT is known as an important nonprimary auditory cortex in relation to pitch salience [Griffiths and Warren, 2002; Hall and Plack, 2009] , this was interpreted as being involved in the "perceptual process." In addition, greater BOLD activation in musicians with AP was found in the left dorsolateral prefrontal cortex (DLPFC) [Zatorre et al., 1998 ]. Because the DLPFC was also found to be correlated with learning associations between a verbal label and musical harmony [Bermudez Brain regions related to AP processing. Abbreviations: DP-L, left dorsal pathway; DLPFC, dorsolateral prefrontal cortex; FTS, first transverse sulcus; HG, Heschl's gyrus; HS, Heschl's sulcus; LSTG, lateral superior temporal gyrus; PP, planum polare; PT, planum temporale; STS, superior temporal sulcus; VLPFC, ventrolateral prefrontal cortex; VP-L, left ventral pathway; VP-R, right ventral pathway. [Color figure can be viewed at wileyonlinelibrary.com]
and Zatorre, 2005] , it was suggested to be involved in the "associative process." Moreover, integration of the two processes was demonstrated by phase coupling between the source activities of the DLPFC and superior temporal gyrus (STG), which were reconstructed from electroencephalography (EEG) data [Elmer et al., 2015] and by greater fractional anisotropy (FA; an index of the directionality of a diffusion tensor) of the superior longitudinal fasciculus (SLF) [Oechslin et al., 2009] , an important axonal connection of the dorsal auditory pathway.
Absolute Pitch Specific Microarchitecture in the Right Planum Polare
While previous in vivo findings strongly suggest that a fronto-temporal network supports the AP process, details of the actual neural implementation of AP remain undiscovered. In this context, cortical microarchitecture, which reflects functional organization of cortical columns [Nieuwenhuys, 2013] , might play an important role. In our previous study [Kim and Kn€ osche, 2016] , we investigated the myeloarchitecture of the cortex of musicians with and without AP, utilizing quantitative T1 mapping with an ultrahigh field (7 T) magnetic resonance imaging (MRI) [Geyer et al., 2011; Marques and Gruetter, 2013] . We identified a specific area in the right planum polare (PP) that exhibited heavier intracortical myelination in AP as compared to non-AP musicians. This difference was only found at midcortical depth, implicating that the denser myelination might be related to tangential intracortical fibers rather than long-range connections through the white matter. Thus, the increased myelination might reflect enhanced local connectivity. Importantly, this area was close to, but spatially distinct from, another area in anterolateral HG, which was strongly myelinated for subjects with superior frequency discrimination ability. In the PP cortex, the cell density in layer III is greater than in the lateral STG, but smaller than in the PAC. Accordingly, this area may be considered as one of the nonprimary auditory cortices involved in relatively early stages of cortical acoustic processing [Rivier and Clarke, 1997] . A recent diffusion spectrum imaging (DSI) study in normal human brains reported a strong interconnection between the PAC and the anterior auditory (AA) area, which is a subregion of the PP [Cammoun et al., 2014] .
Motivation for Resting-State fMRI and Hypotheses
In the current study, we test an involvement of the ventral pathway in AP recognition, and in particular the highly myelinated area in the right PP, using resting state functional MRI data (rs-fMRI). This type of data has been extensively used in the context of the "human connectome" [Van Essen et al., 2012] . Spontaneous activity during rest, without a particular instruction, is believed to be reflective of structural and intrinsic functional connectivity, which is built during development and may be modified by Hebbian rules [Smith et al., 2009; Yeo et al., 2015] . In previous rs-fMRI studies, distinguishable patterns of resting-state functional connectivity (RSFC) were related to behavioral and cognitive characteristics such as musical practice [Fauvel et al., 2014; Luo et al., 2012] and motor sequence learning [Bonzano et al., 2015] . We therefore expect RSFC, particularly of the auditory cortex, to reflect AP recognition abilities.
We hypothesize that if the increased local connectivity in the right PP (as indexed by increased intracortical myelination) is relevant for AP, then this region should exhibit greater RSFC with (1) adjacent auditory cortices, (2) homologous auditory regions in the left hemisphere, and (3) the left hemisphere fronto-temporal network. The rationale of our hypotheses is as follows:
1. Given that cortical myelin would provide additional electric insulation and decrease local transmission times, it may increase efficiency and specificity of information transfer. Consequently, neural communication via intracortical connections would benefit from the myelination of local circuits. Therefore, we expect greater short-range RSFC of the right PP with neighboring auditory cortex (AC) areas in individuals with more accurate AP perception. A similar link between local morphology (local gray matter volume) and RSFC was recently found in the left STG in musicians compared to nonmusicians [Fauvel et al., 2014] . 2. Studies using independent component analysis (ICA) based methods have consistently shown that the auditory RSN bears high modularity within bilateral supratemporal planes (STPs), including HG, HS, the PP, and PT, both in general populations [Damoiseaux et al., 2006; Shirer et al., 2012; Smith et al., 2009 Smith et al., , 2012 Smith et al., , 2013 and musicians [Fauvel et al., 2014; Luo et al., 2012] . Additionally, in a histological study with rhesus monkeys [Pandya et al., 1969] , the PAC and the posterior part of the STP were found to be structurally connected to their contralateral homologs via the corpus callosum, whereas the anterior parts of the STPs were connected via the anterior commissure. This line of evidence suggests high interhemispheric functional connectivity (FC) between the homologous auditory regions. As mentioned above, the ventral auditory pathway is likely to process pitch chroma, that is, nonspatial information [Warren et al., 2003a] . Therefore, it can be expected that the left PP in an individual with proficient AP would also be involved in nonspatial information processing, which the right PP undertakes. This could result in increased interhemispheric FC between two homologous auditory cortices, in addition to the common communication between bilateral auditory cortices in non-AP musicians. 3. As largely accepted [Levitin, 2004; Levitin and Rogers, 2005; Schulze et al., 2013] , if the perceptual and associative processes of AP perception are localized in the temporal and frontal structures, respectively, integration of the two parts is crucial for the successful realization of AP [Elmer et al., 2015] . In particular, the ventral auditory pathway from PAC, via PP, to the VLPFC is expected to show greater RSFC in relation to the acuity of AP. From a previous study [Wengenroth et al., 2014] , the left IFG showed greater BOLD activation in passive response to musical tones. Considering the dominance of the left hemisphere in language functions, the association of the pitch chroma representation with the verbal label is likely to be processed in the left hemisphere.
In addition, because the left PT and left dorsal pathway have been implicated in several previous studies on the neural correlates of AP [Keenan et al., 2001; Oechslin et al., 2009; Schlaug et al., 1995; Wilson et al., 2009 ], as detailed above, the possibility of AP-related RSFC via the dorsal pathway should not be ignored. Thus, we also analyzed the RSFC of the posterior part of STP (including PT) for a fair comparison between the ventral and dorsal pathways in terms of association with AP.
Importantly, a previous rs-fMRI study reported greater overall (network-wise) degree centrality (i.e., the average number of edges across all nodes) in AP than in non-AP musicians [Loui et al., 2012] , suggesting a global reorganization of brain networks. In contrast, in the current study, we tested specific hypotheses on the role of particular anatomical regions that are expected to be involved in the AP-specific RSN, based on our previous study [Kim and Kn€ osche, 2016] .
MATERIALS AND METHODS

Participants and Behavioral Tests
We analyzed resting-state fMRI data from 17 musicians (8 AP musicians and 9 non-AP musicians) who also participated in the previous study on intracortical myelination [Kim and Kn€ osche, 2016] . Assignment of groups (either with or without AP) was determined by a web-based AP test before recruitment (80% correct answers as AP). The local ethics committee approved the experimental protocol, and all participants submitted written informed consent prior to experiments. More detailed information can be found in the previous study [Kim and Kn€ osche, 2016] . Demographics are matched, except for the year of onset for musical training and ethnicity (Table I ). The Asian musicians were from China (2), Japan (2), and Korea (1) and the European musicians were from Germany (11) and Russia (1). To match musical aptitude, we used a behavioral test called "Musical Ear Test" [Wallentin et al., 2010] . To measure pitch discrimination precision, we used a psychoacoustic test based on the staircase method [Micheyl et al., 2006] . We did not find any significant group difference in most demographic and behavioral measures (min P > 0.06), except for ethnicity (P 5 0.004) and musical training onset age (P 5 0.012). The ethnicity mismatch is because Asian musicians are much more likely to possess AP than European musicians [Miyazaki et al., 2012] , which strongly impedes the recruitment of balanced cohorts. However, GLM results obtained from only European musicians were very similar to those from all musicians combined (crosscorrelation between T-statistic maps with and without Asian musicians were between 0.96 and 0.98; see Supporting Information online for details), suggesting that confounding due to ethnicity was reasonably controlled for.
Behavioral testing on AP performance was carried out in our previous work [Kim and Kn€ osche, 2016] . We calculated a scaled index (between 0 and 1; chance level of 0.5) of the acuity of AP that is called AP score (APS), which showed significant group difference between APs and non-APs (P < 10 28 for pure tones; P < 10 27 for piano tones). Further details of the behavioral experiments can be found elsewhere [Kim and Kn€ osche, 2016] .
Image Acquisition
Echo-Planar imaging (EPI) and magnetization-prepared rapid gradient-echo (MPRAGE) were acquired using a 3-T Abbreviations: FDT, frequency discrimination threshold [Micheyl et al., 2006] ; LQ, laterality coefficient, ranging from 2100 (exclusively left-handed) to 100 (exclusively right-handed) [Oldfield, 1971] ; MET, Musical Ear Test (Wallentin et al., 2010) ; Std., standard deviation.
MR system Magnetom Prisma (Siemens, Erlangen, Germany) with a 32-chanel head coil system. Within 10 minutes, 420 volumes of multi-band 2-D EPI with the acceleration factor of 4 were obtained, while the participant lay still and was instructed not to fall asleep with eyes closed. The imaging parameters of EPI were: time of repetition 5 1400 ms, time of echo 5 30 ms, flip angle 5 60 degrees, image matrix 5 88 3 88 3 64, voxel size 5 2.295 3 2.295 3 2.300 mm 3 . T1-weighted images using MPRAGE were also taken using a protocol based on the ADNI sequence 1 at 1-mm isotropic resolution during the same session. To correct for nonlinear distortions in the EPI images due to the inhomogeneous susceptibility in the static field, field maps in the identical geometry of the EPI were also acquired [Jezzard and Balaban, 1995] .
Image Processing
Anatomical and functional images were preprocessed using SPM12.
2 The blood oxygen level-dependent (BOLD) images were first corrected for the multiband slice timing, unwarped and realigned, and resampled at 2.3-mm isotropic resolution using a fourth degree B-spline. To minimize spurious correlation due to head movements [Power et al., 2012] , we adopted the "anatomical CompCor" approach. The main idea of this approach is that the signal fluctuation from the white matter (WM) and cerebrospinal fluid (CSF) voxels would not be due to neuronal activities [Behzadi et al., 2007] . Based on the T1-weighted image, WM and CSF voxels are determined by tissue probability over 99% and formed nonneural BOLD time series. Using principal component analysis (PCA), 16 principle components were extracted from the nonneural time series and used as "CompCor regressors." In addition, we also used other regressors for nonneural fluctuation: six rigid-motion parameters (three translations and three rotations with respect to the first volume) and the lengths of temporal derivative of the translation and rotation. The effects of nonneural regressors (16 CompCor regressors and 8 motion parameters) were fitted by least square estimation, and regressed out from the BOLD time series. This residual time series was then temporally filtered by a band-pass-filter between 9 and 80 mHz (i.e., 0.009 and 0.08 Hz) [Satterthwaite et al., 2013] for the FC measure of cross-correlation.
Geometrically, the boundaries of the cerebral cortex are highly convoluted sheets, which are essentially 2-D manifolds embedded in 3-D space [Chung et al., 2003 ]. Importantly, topology has been suggested as a crucial organizational principle of the cerebral cortex in primate brains [van Essen and Zeki, 1978] . Before the advent of MRI scanning and computational neuroanatomy, neuroscientists desired a method to flatten the cerebral cortex onto a 2-D plane to investigate functional architecture of the cortex [van Essen and Maunsell, 1980] , which later motivated the development of computational methods for "virtual flattening" [van Essen et al., 2001] . In this study, we used surface-based methods for analyzing functional connectivity of the cortex [Yeo et al., 2011] . While the surface-based analysis has the advantage that it respects the intrinsic geometry of the cortex [Chung et al., 2003 ], its validity is heavily dependent on the quality of additional image processing compared to volume-based analysis. Thus, we carefully optimized our processing pipeline with thorough visual inspection at each stage. The T1-weighted image was skull-stripped using the unified segmentation [Ashburner and Friston, 2005] in SPM12 and then fed into FreeSurfer version 5.3.0 3 to reconstruct the cortical surface. Inner and outer boundaries of the cortex were modeled by two surfaces (an outer surface called "pial surface" and an inner surface called "white matter surface") for each hemisphere. The transform matrix from the EPI space to the T1-weighted image space was estimated using a boundarybased registration (BBR) approach [Greve and Fischl, 2009] . Then, the residual time series was resampled at the middle depth of the cortex (i.e., halfway between the pial and white matter surfaces) after nonneural fluctuations had been regressed out. The resampling depth was chosen to avoid partial volume effects while maintaining a high signal-tonoise ratio of the BOLD signal [Yeo et al., 2011] .
The surface-projected residual time series were nonlinearly registered onto a low-resolution template mesh called "fsaverage5" in FreeSurfer via spherical mapping based on the local curvature of the surfaces. The registered time series were then spatially smoothed using a 2-D Gaussian kernel with the full width at half-maximum (FWHM) of 10 mm to minimize the effect of imperfection in intra-/intersubject registration. The seed mask was taken from our previous study [Kim and Kn€ osche, 2016] ; a cluster showing a significant group difference (i.e., greater cortical myelin in AP musicians) in the right PP. The mean MNI coordinate was (48, 25, 211) mm and the area was 44 mm 2 . The first principal component (PC1) was then extracted from the seed mask. FC measures (explained below) were computed between the PC1 and residual time series for the rest of cortex.
Functional Connectivity Analysis
We used two different FC measures for analysis: crosscorrelation and cross-coherence. The main motivation for using these measures is to reliably capture both delayspecific and frequency-specific connectivity differences. Cross-coherence is most sensitive to functional connectivity specifically occurring in particular frequency bands. It therefore emphasizes resonance phenomena between distant oscillators. In contrast, cross-correlation does not distinguish between frequencies, but instead is sensitive to coupling occurring with particular delays. [Ostojic et al., 2009] , they are relatively uncommon measures in fMRI analysis. Thus, we will explain the definition and characteristics of the measures and introduce previous studies on cross-correlation and cross-coherence in the BOLD time series below.
Cross-correlation of two time series, i and j, with a time lag h is given by:
where q ij ðhÞ5q ji ð2hÞ, which is restricted to the interval [-1, 1] . If the time lag h equals zero, the zero-lag cross-correlation q ij ð0Þ is equivalent to Pearson's coefficient of correlation, which we also used for the analysis. We segmented the time-lag of interest (6 100 s) into nine bins with a 50% overlap (i.e., [-100, 260] , [-80, 240] , . . ., [60, 100] s) and averaged cross-correlation maps with a certain range of time-lags within each bin. Cross-coherence of two time series, i and j, at a frequency k is given by:
where R ij ðkÞ is the complex valued coherency, f i ðkÞ is the spectral density function at frequency k, and f ij ðkÞ is the cross-spectral density function. Squared, coherence is a positive (bounded [0, 1]) and symmetric function (i.e., coh ij ðkÞ5coh ij ð2kÞ). Given the sampling rate of 714 mHz (i.e., 1/1.4 s 3 1000) and the duration of 574 s (i.e., 410 volumes 3 1.4 s) of the current data, the observable frequency range is between 1.714 (one cycle over the session) and 375 mHz (Nyquist-Shannon sampling theorem). Thus, we constrained our analysis within the frequency of interest of [2, 100] mHz and segmented it into 10 frequency bins with 50% overlap (i.e., [2, 20] , [10, 30] , . . ., [90, 110] mHz). Note that the binning was arbitrary to explore frequency-dependent connectivity. Recent studies demonstrated the reliability of frequencydependent BOLD fluctuation at rest [Achard and Bullmore, 2007; Achard et al., 2006; Cordes et al., 2001; De Luca et al., 2006; Qian et al., 2015; Salvador et al., 2005a,b; Sasai et al., 2014; Sun et al., 2004] . Whereas biological implications of the frequency of FC based on BOLD measures are yet to be further revealed, fMRI and fNIRS studies showed an association between the frequency and direction of connectivity: a low frequency coherence (9-100 mHz) for interhemispheric FC and a high frequency coherence (40-100 mHz) for fronto-occipital FC [Sasai et al., 2011] . Because we hypothesized increased RSFC between bilateral ventral auditory pathways in the musicians with AP, we expected to observe higher coherence in a low frequency band between the homologous auditory cortices.
Statistical Inference
We tested the effect of AP and APS as:
where FC is either cross-correlation or cross-coherence, motion is a maximal temporal derivative of the head motion [Power et al., 2015] , ethnicity is a binary variable for being either Asian or European, X is either AP, which is a group index, or APS, which is a behavioral measure of the acuity of AP, and E is the Gaussian error variable. Note that we tested the effect of APS over all musicians, in addition to the group difference, because it is known that AP is not strictly dichotomic but shows some gradation: Musicians with an intermediate level of AP are also known as "quasi-AP" [Miyazaki, 2004; Wilson et al., 2009] . Statistical inference on the correlation maps with multiple comparisons correction based on the random field theory (RFT) was done using SurfStat 4 [Worsley et al., 2009] in the MATLAB environment (version 8.2; Mathworks, Inc., Natick, MA, USA). RFT-corrected cluster-level P-values were further multiplied by 4 as additional Bonferroni correction for the number of tests (i.e., two contrasts and two hemispheres).
Because the cross-correlation and cross-coherence maps are positively dependent between adjacent time-lags and frequency bins, respectively, we additionally used the false discovery rate (FDR) for the multiple comparisons across time-lags and frequency bands [Genovese et al., 2002] : that is, finding a threshold for the RFT-corrected cluster-wise P-values that makes FDR <0.05, and then applying the Pvalue threshold over all lags/bins.
Correlation between Cortical Myelin and Resting-State Functional Connectivity
In our previous study [Kim and Kn€ osche, 2016] , we found a positive correlation between the APS and the cortical myelin content in the right PP. In the current study, we hypothesized a positive relationship between the APS and RSFC of the right PP to a number of cortical areas. Such a correlation may lead us to assume a positive relationship between the cortical myelin and the RSFC of the right PP. However, as proven by Langford and colleagues, a positive correlation is not transitive unless the correlation coefficient is sufficiently close to 1 [Langford et al., 2001] . That is, a positive correlation between X and Y and that between Y and Z does not necessarily mean a positive correlation between X and Z. Therefore, as a confirmatory inference, we directly tested the relationship between intracortical myelination (indexed by the longitudinal relaxation rate qR1) in the right PP and RSFC between the right PP and the rest of the cortex using a simple GLM without covariates as:
Control Analyzes Seeding from the Planum Temporale
As mentioned earlier, we particularly focused on the right PP and the ventral auditory pathway in the current study. This choice was motivated by the results of our previous study [Kim and Kn€ osche, 2016] on myelination, the sensitivity of PP to pitch chroma [Warren et al., 2003b] , and the dual pathway hypothesis [Rauschecker, 2012] . However, a number of neuroimaging studies reported group differences in the posterior STG, particularly the left PT [Keenan et al., 2001; Schlaug et al., 1995; Wilson et al., 2009] , and the dorsal pathway such as the left SLF [Oechslin et al., 2009] . Therefore, it would be fair to examine the RSFC of the dorsal pathway seeding from the PT to study the relative importance of the two pathways.
We adapted MNI-coordinates where the effect of AP was found in the previous studies [Dohn et al., 2015; Luders et al., 2004; Wengenroth et al., 2014] . Moreover, to consider anatomical studies that used gross anatomical measures (i.e., volume and area) of the PT [Keenan et al., 2001; Schlaug et al., 1995; Wilson et al., 2009] , we adapted the center coordinates of the PTs from standard atlases (Harvard-Oxford cortical structural atlas provided in FMRI Software Library (FSL); "Desikan-a2009s" surfacebased parcellation provided in FreeSurfer).
In total, eight ROIs in the left and right PTs were created in a similar size to the right PP seed ROI (i.e., 44 mm 2 ) as listed in Table II . We repeated the identical set of analyzes for the PT ROIs as for the right PP.
RESULTS
Effects of AP and APS in Cross-Correlation
From the right PP, strong correlations with the bilateral STPs were observed across all musicians (n 5 17) as shown in Figure 2 . For this connectivity, we found significantly greater correlation between the right PP and the right first transverse sulcus and lateral STG (FTS/LSTG-R) between AP and non-AP groups as given in Figure 3 . For the APS, we found a positive effect in zero-lag cross-correlation in cortical regions that are adjacent to the right PP: the right lateral STG (LSTG-R) and the right inferior segment of the circular sulcus of the insula (ICSI-R). Moreover, we also found APS effects in frontal regions: the left triangular gyrus (TIFG-L) and the right medial orbitofrontal cortex (MOFC-R) as shown in Figure 3 . Detailed statistics are given in Table III. We did not find any effect of AP or APS in non-zero-lag cross-correlation over time-lags between 6 49 s (P > 0.56) or maps of absolute "best delay" (P > 0.15), which is the time-lag that maximizes cross-correlation (see Supporting Information online for averaged cross-correlation maps and best-delay maps).
Effects of AP and APS in Cross-Coherence
Averaged cross-coherence maps across all musicians for the first three frequency bins are given in Figure 5 We found significantly stronger cross-coherence in musicians with than without AP mostly at low frequency bins (i.e., < 40 mHz) as shown in Figure 6 . In particular, we found the left planum polare and the left anterior STG in the frequency bin of 2-20 mHz, as well as bilateral superior temporal sulci (STSs) and the right middle temporal gyrus (MTG) in the frequency bin of 10-30 mHz. In addition, higher coherence in musicians with AP was found in medial frontal structures such as bilateral anterior cingulate cortices (ACCs) and the medial part of the superior frontal gyrus (SFG), as well as in other cortices including the inferior temporal gyrus (ITG), the cuneus (CNS), and the superior circular sulcus of insular cortex (SCSI).
Furthermore, we found a significant positive correlation between the cross-coherence of the right PP and APS in the right parietal-occipital sulcus (POS-R) and SFG-R as shown in Figure 7 . The detailed statistics of the effects of AP and APS in cross-coherence are listed in Table IV .
Correlation between Cortical Myelin and Resting-State Functional Connectivity
We found a positive correlation between the AP/APS and RSFC of the right PP. Because we previously found positive a correlation between the AP/APS and cortical myelination (estimated by qR1) [Kim and Kn€ osche, 2016] , there might (but not necessarily) be a direct positive correlation between the myelination and RSFC of the right PP.
To confirm this, we tested if the qR1 and RSFC of the right PP are also positively correlated (i.e., one-side T-test). We indeed found a positive effect of qR1 in the zero-lag cross-correlation between the right PP and the right first transverse sulcus (FTS) and LSTG as shown in Figure 8 : T(15) 5 5.53, beta 5 15.8, P 5 0.026, area 5 70.8 mm 2 , MNI-coordinate 5 (63, 0, 21) mm. Moreover, this suggests that the myeloarchitecture of a local circuit has a direct impact on its FC with adjacent regions, at least in this nonprimary auditory cortex.
Control Analyzes: RSFC of Planum Temporale
Finally, we tested the effects of AP and APS in the RSFC of the PT seeds to see whether the dorsal pathways also show similar effects to the ventral pathways. The locations of the ROIs of the PT [Dohn et al., 2015; Keenan et al., 2001; Luders et al., 2004; Schlaug et al., 1995; Wengenroth et al., 2014; Wilson et al., 2009] are shown in Figure 9 . In all cases, we did not find any significant effect of AP or APS from the PT seeds (min P 5 0.094). Minimal P-values from the control analyzes are tabulated in Table V .
DISCUSSION
In the current study, we investigated the effect of acuity of AP perception in the RSFC of a number of cortical areas that have previously been indicated in neuroimaging studies on AP, including the right PP that was recently found to be highly myelinated in AP listeners [Kim and Kn€ osche, 2016] . In our data, only the right PP, but not the tested areas in the PT, exhibited significant relationships between AP and RSFC to other cortical areas. Moreover, we confirmed a direct relationship between myelination of the right PP and RSFC of that area to the adjacent cortex, suggesting functional implication of the cortical myelin in a nonprimary auditory cortex. As hypothesized, we found greater RSFC of the right PP with the adjacent ipsilateral auditory cortex (i.e., the right LSTG and the right STS/MTG) and the contralateral auditory cortices (i.e., the left PP/LSTG and the left STS) that are part of the ventral pathway, whereas the dorsal pathway (tested with multiple seeds of PT) did not show any such enhancement. Furthermore, we found additional evidence for the frontotemporal network integration and a close relationship between the auditory RSN and the DMN in AP listeners. In the following sections, we discuss the physiological plausibility and behavioral relevance of the current findings.
Resting State Functional Connectivity and Neural Interaction
It is commonly accepted that BOLD signals are closely related to neuronal activity, as, for example, supported by simultaneous measurement of local field potentials (LFPs) and BOLD in optogenetic rodents [Lee et al., 2010] . Consequently, RSFC is likely to be reflective of interactions between neural populations, mediated by neurovascular coupling, as supported by a line of studies [Achard and Bullmore, 2007; Achard et al., 2006; Britz et al., 2010; Cordes et al., 2001; De Luca et al., 2006; Ko et al., 2011; Qian et al., 2015; Salvador et al., 2005a,b; Sasai et al., 2014; Shmuel and Leopold, 2008; Sun et al., 2004] .
As briefly mentioned earlier, RSFC studies demonstrated association between low-frequency BOLD signal and interhemispheric FC. In a seminal study on rs-fMRI [Salvador et al., 2005a] , partial correlation and coherence in a relatively low fMRI frequency range (0.4-152 mHz) generally decayed over increasing Euclidian distance between the regions. However, the connectivity between homologous areas in different hemispheres remained strong despite their relatively long distances, which was absent in patients with acute brainstem ischemia [Salvador et al., 2005a] . The main source of bilateralism between homologous pairs remains unclear: it could be due to common inputs from subcortical structures or to interhemispheric coordination. The study mentioned above on patients with acute brainstem ischemia supports the former [Salvador et al., 2005a] , whereas a case study on the RSFC of a splitbrain supports the latter [Johnston et al., 2008] . In that case study [Johnston et al., 2008] , the postoperative RSFC in a pediatric patient (6-year-old male) showed striking reduction, or absence, of bilateralism unlike the preoperative RSFC. Regardless of its origin, the association between the low frequency and high coherence between homologous regions was further supported by a follow-up study [Salvador et al., 2005b] : In a relatively low frequency range (i.e., 4-152 mHz), mutual information between the homologous regions remained high over distance between ROIs, whereas such an effect was not found in a higher frequency range (i.e., 300-455 mHz). As revealed by fNIRS [Sasai et al., 2011] , interhemispherical FC is also present in a low, wide frequency band (9-100 mHz), in addition to the fronto-occipital FC in a higher frequency range (40-100 mHz).
In the present study, as hypothesized, we also observed interhemispheric connectivity between the right PP and homologous or near-homologous cortical regions in the left hemisphere. As shown in Figure 5 , the lowest 
Ventral and Dorsal Auditory Pathways
As discussed earlier in the Introduction, we hypothesized higher FC via the ventral auditory pathway, unlike the dorsal auditory pathway, based on the implicated involvement of the ventral pathway in processing nonspatial categorical auditory information [Altmann et al., 2007; Barrett et al., 2005; Barrett and Hall, 2006; Hart et al., 2004] and the reported importance of pitch chroma in AP processing [Deutsch and Henthorn, 2004; Miyazaki, 1988 Miyazaki, , 2004 Takeuchi and Hulse, 1993 ]. In the current study, we discovered stronger RSFC of the right PP to several ventral auditory cortices in both hemispheres for musicians with AP bilaterally; these areas include the left PP/LSTG, the left STS, and the right STS extending to MTG. No such effect was found in the RSFC of any of 8 ROIs of PT for the dorsal pathway.
The STS is well known for specialized feature processing of complex but well-trained auditory stimuli such as the human voice [Belin et al., 2000 , or, more generally, auditory information that aids identification of the sound source [Zatorre et al., 2004] . Given that pitch chroma could be viable information for object identification for AP listeners, the current finding of an AP-specific increase of RSFC supports our hypothesis on the involvement of the ventral pathway in the perceptual process of AP. Figure 8. Effect of cortical myelin (qR1) on cross-correlation. A significant cluster in the right first transverse sulcus and lateral superior temporal gyrus (FTS/LSTG-R) is marked with a scatterplot at the peak vertex. In an inset, a zoomed view from a different angle is also given to aid observation. Abbreviation: Adj. cor., adjusted zero-lag cross-correlation; qR1, quantitative longitudinal relaxation rate. [Color figure can be viewed at wileyonlinelibrary.com] Moreover, the right PP showed stronger RSFC with the right FTS, which forms the anterior border of the HG [Schneider et al., 2005] . Given that cortical myelination after a critical period may prohibit neuroplasticity during typical neurodevelopment [McGee et al., 2005] , pitch chroma relevant auditory information might be preserved in the right PP after the development of AP. Thus, the increased RSFC between the right PP and the ipsilateral lower-level auditory cortex (i.e., FTS) might reflect this chromatic categorization processing, although it remains largely unknown how the process is actually implemented in the interaction between the two regions, which could be template-matching, collective filtering, or other.
Previous neuroimaging studies on AP implicated the posterior part of the STP (i.e., PT) with an emphasis on the leftward laterality [Keenan et al., 2001; Schlaug et al., 1995] and its connection to the DLPFC [Elmer et al., 2015; Oechslin et al., 2009] via the left dorsal pathway. Conversely, we did not find effects of AP or APS in the RSFC for any of the tested 8 ROIs in the PT. Thus, our finding of the AP-specific RSFC in the bilateral ventral auditory pathway (and negative findings in the dorsal pathways) may appear to conflict with these previous studies. Although the discrepancy might be due to different samples and demographic controlling, we believe it is more likely to be related to different methodologies and analytic approaches used. Unlike the early volumetric studies [Keenan et al., 2001; Schlaug et al., 1995] , whole-brain morphological studies [Bermudez et al., 2009; Dohn et al., 2015] reported significant differences in cortical thickness in both hemispheres. Moreover, Dohn and colleagues also found an AP-specific increase of FA in the right ventral pathway including the uncinate fasciculus (UF) and inferior longitudinal fasciculus (ILF), using whole-brain white matter analysis [Dohn et al., 2015] .
Given the rapid processing of AP [Itoh et al., 2005; Miyazaki, 1988] , linking chromatic categorization of a given tone with a lexical label and/or a motor program should be done very efficiently. Such high efficiency could be realized when specialized subprocesses are properly integrated. Based on our finding of increased FC between the right PP and bilateral ventral pathways (including the left PP and the bilateral STS), we suggest that the perceptual process of AP may be implemented via bilateral ventral pathways. The highly myelinated region in the right PP may perform initial processing of AP (presumably pitch chroma extraction), and the left IFG may be involved in verbal labeling, as suggested by Wengenroth and colleagues [Wengenroth et al., 2014] .
However, the role of left PP remains unclear: It could either be involved in pitch chroma extraction in parallel with the right PP, or transfer the output of the right PP to the left IFG in a serial. These two possibilities cannot be differentiated from functional connectivity measures based on fMRI data. Effective connectivity measures based on noninvasive magneto-/electrophysiological measures with a high temporal precision (i.e., M/EEG) might provide an opportunity to quantitatively test it. A recent study on the interaction between auditory and motor cortices during an imitative vocalization task in AP listeners used dynamic causal modeling (DCM) of EEG data with ROI selection derived from fMRI data [Parkinson et al., 2014] . Such an 
Link to the Default-Mode Network
The DMN was initially suggested from the decrease of blood flow during language-related tasks compared to resting during PET experiments [Shulman et al., 1997] and has been further established by subsequent fMRI studies [Greicius et al., 2003; Smith et al., 2009] . Given that the notion of "default-mode" came from the deactivation, many studies related the DMN to internally generated processes, such as, for example, self-referential episodic memory, prospection, and theory of mind [Greicius and Menon, 2004; Spreng et al., 2009] . The auditory RSN usually shows anticorrelation with the DMN and positive correlation with the "salience network" (SN) [Menon, 2011] , which directs attention to the sensory inputs. This anticorrelation between the DMN and SN seems to reflect "deactivation" during rest (i.e., negative contrast from the subtraction of "rest" condition from "stimulus" condition) in block-designed fMRI experiments [Greicius and Menon, 2004] .
Interestingly, in the current study, the auditory RSN based on the right PP showed APS-related neural coupling to the medial frontal structures, that is, the ACCs and the medial SFG, which are known to be crucial nodes of the DMN [Greicius et al., 2003 [Greicius et al., , 2009 Smith et al., 2009; Zald et al., 2014] . The frequency bands of the found coherence (10-30 mHz and 20-40 mHz) were also in accordance with one of the few multimodal BOLD imaging studies using simultaneous fMRI and fNIRS [Sasai et al., 2014] that reported a high degree centrality of the ACC in a low frequency band (10-30 mHz). Increased RSFC between the right PP and DMN network might be related to the spontaneous nature of AP-related processing that is even active during rest, which could result in unintentional recognition of AP [Miyazaki, 2004] .
Insular and Other Cortices
We found stronger RSFC between the right PP and the inferior/superior segment of the circular sulcus of the insula. Auditory regions of the insula in human brains have been implicated from cytoarchitecture studies [Rivier and Clarke, 1997] , microelectrode recording in patients [Remedios et al., 2009] , and fMRI studies [Bamiou et al., 2003] . It has been previously shown that the anterior insula is involved in auditory object identification [Binder et al., 2004] . Additionally, dissection of the anterior insula in epileptic patients impaired verbal naming of familiar faces, but conceptual knowledge remained intact [Papagno et al., 2010] , suggesting the implication of the insula in the verbal labeling process in AP recognition.
We also found higher RSFC in the right cuneus and anterior part of the right ITG. Although this may be somewhat unexpected, modulation in the visual system (i.e., cuneus) due to lexical-semantic priming in processing spoken language has been reported before [Kotz et al., 2002; R€ am€ a et al., 2012] . Additionally, the anterior part of the ITG has been related to domain-general conceptual knowledge [Rice et al., 2015] and semantic networks with the stronger association in the left hemisphere [Cousins et al., 2016] . Taken together, AP processing might not be limited to only verbal labeling but also related to semantic representations, as postulated by Dohn and colleagues [Dohn et al., 2015] .
Limitations
We note that the current study with rs-fMRI data, without task-based fMRI data, has an inherent limitation in terms of generalizability. That is to say, from the data at hand, we are unable to answer the question whether the detected functional connectivity pattern also remains similar during active cognitive processing. However, from a large-scale database, correspondence between the RSNs and functional networks during cognitive processes, or their subnetworks associated with "cognitive ontology," has been suggested [Smith et al., 2009; Yeo et al., 2015] .
The mismatch in ethnicity still remains because the current datasets were acquired from the same participants as in our previous study [Kim and Kn€ osche, 2016] . However, we have demonstrated that the effect size estimation is relatively accurate under the current experimental design by simulations in the previous article. Furthermore, the main findings in our previous and current studies were replicated with only the European musicians, clearly showing that they were not due to the confounding effect of ethnicity.
CONCLUSION
The right PP, which had been identified as being more heavily myelinated in AP musicians, was found to be part of an AP-related network of RSFC. Importantly, this network includes bilateral ventral auditory pathways (i.e., the bilateral PP and STS, and the left IFG), whereas the dorsal pathway did not show any association with AP ability. Moreover, the network also showed tight coupling between the right PP and crucial nodes of the DMN (i.e., bilateral ACC and the right medial SFG), which may reflect the spontaneity and automaticity of AP. The current study demonstrates the functional relevance of cortical myelin that is mediated by a rare variant of auditory perception.
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